Background: Helicobacter pylori (HP) infection and chronic atrophic gastritis (CAG) have shown strong associations with the development of gastric cancer. This study aimed to examine whether both risk factors are associated with accelerated epigenetic ageing, as determined by the 'DNA methylation age', in a population-based study of older adults (n ¼ 1477).
Gastric cancer is the third leading cause of cancer mortality globally (Ferlay et al, 2015) . Helicobacter pylori (HP) is related aetiologically to gastric cancer by playing a key role in the development of gastric carcinogenesis (Graham, 2015) . HP infection also shows a causal relationship with chronic atrophic gastritis (CAG), a chronic, strongly age-related condition, which is a critical precursor lesion of gastric cancer (Weck and Brenner, 2008) and related to other chronic, age-related health outcomes, such as vitamin B 12 deficiency and cardiovascular disease (CVD) (Lewerin et al, 2008; Franceschi et al, 2009) . Previous studies have shown that HP infection is closely related to DNA methylation changes in gastric mucosa and whole blood samples (Maekita et al, 2006; Zhang et al, 2016) . One of the conceivable causes is that the oxidative stress induced by HP infection contributes to the accelerated senescence of cells and ageing (Naito and Yoshikawa, 2002; Pandey and Rizvi, 2010) . Moreover, based on the age-related alterations of DNA methylation, researchers have established the concept of DNA methylation age (Hannum et al, 2013; Horvath, 2013) , and have employed the discrepancy between DNA methylation age and chronological age (termed 'age acceleration'(AA)) as an informative biomarker of ageing and ageing-related health outcomes. Given the associations of HP infection with ageing and DNA methylation alterations, it would appear plausible that HP infection might have an impact on the disproportional agieng reflected by DNA methylation age. To investigate this hypothesis, we explored the associations of both HP infection and CAG with AA in a large population-based study of older adults (ESTHER) in Germany.
MATERIALS AND METHODS
The methods for this study are described in detail in Supplementary Material. Briefly, we selected 1509 older adults (aged 50-75 years) enroled in the ESTHER study between July 2000 and March 2001 and collected their socio-demographic characteristics, lifestyle factors and health status by standardised questionnaires ( Supplementary Figure 1) (Gao et al, 2016a) . Participants were categorised into three groups according to the serostatus of immunoglobulin G (IgG) antibodies and antibodies specific to the cytotoxin-associated gene A (CagA): infected by less virulent strains (IgG þ /CagA-), infected by virulent strains (IgG þ /CagA þ ) and non-infected (IgG-/CagA-) (Chen et al, 2016) . We excluded 32 participants with IgG-/CagA þ HP, which often reflects past infection. Serum concentrations of pepsinogen (PG) I and II were measured as biomarkers of CAG, and we used the following commonly employed serological classification to define CAG: PG Io70 ng ml -1 and PG I/II ratio o3.0. Blood DNA methylation was quantified by Illumina 450K chip and the DNA methylation age of each participant was calculated by the algorithms of Horvath and Hannum et al (Hannum et al, 2013; Horvath, 2013) . AAs were determined as the residuals calculated by the linear regression models of both forms of epigenetic age on chronological age (Gao et al, 2016b) . Table 1 summarises characteristics of the 1477 eligible participants. Average chronological age was B62 years. Hannum et al methylation ages were higher than chronological age and age computed by Horvath's approach. Both forms of DNA methylation age and chronological age were highly correlated with each other (Supplementary Figure 2) . The prevalence of any HP and CagA þ HP infection was 51.8% and 26.7%, respectively, and around 12% participants had CAG (mild or severe). HP infection status and serostatus were significantly associated with both AAs (Table 2; P-values o0.05). Participants infected with virulent strains (CagA þ ) had the highest AAs, followed by those infected with less virulent strains (CagA-). Similarly, both AAs demonstrated positive correlations with the CAG status and severity of CAG, which was though statistically significant only for the AA based on the algorithm by Hannum et al (Table 2 ; P-values ¼ 0.015/0.024).
RESULTS
We further examined the associations of AAs (outcomes) with HP infection status or CAG severity (independent variables) by three linear regression models, increasingly controlling for potential covariates. HP infection, infection with CagA þ strains and severe CAG were significantly associated with both AAs after adjustment for age, sex and the leucocyte distribution (Table 3; all P-values o0.05). Although in the fully adjusted model, associations of the AA according to Horvath's algorithm with HP infection/severe CAG were slightly attenuated (P-values ¼ 0.05), additional adjustment for other covariates did not alter the patterns in any relevant manner. However, CAG (yes/no) was only associated with the AA according to Hannum's algorithm, but not the AA according to Horvath's algorithm. This pattern remained essentially unchanged in the sensitivity analysis in which we adjusted for both HP infection status and the CAG status simultaneously (P-value of CAG for AA Horvath ¼ 0.118; P-value of CAG for AA Hannum ¼ 0.012). Overall, we observed that HP infection, infection of CagA þ strains and severe CAG were associated with the DNA methylation-defined AA. In the fully adjusted model, these risk factors were associated with an increase in DNA methylation age by B0.4, 0.6 and 1 year, respectively.
DISCUSSION
In summary, we found HP infection, in particular, infection with CagA þ HP strains, to be associated with accelerated ageing. The underlying mechanisms are not yet to be elaborated by further research. A plausible pathological mechanism might be the oxidative damage triggered by the reactive oxygen species that resulted from the inflammation induced by the HP infection (Farinati et al, 2008) . The damage caused by oxidative stress has been commonly recognised as a contributor to the functional decline related to ageing (Hekimi et al, 2011) and has been found to be associated with ageing-related DNA methylation changes in whole blood samples (Gao et al, 2017) . Although we controlled for a large number of potential confounders in multivariate analyses, a causal relationship cannot be derived from this cross-sectional epidemiological study. Nevertheless, a causal relationship appears to be plausible due to a variety of reasons. First, HP infection is typically acquired in early childhood (Zhang et al, 2012) , a period during which the foundation of age acceleration seems to be laid (Simpkin et al, 2016) , and clearly precedes the pattern of age acceleration observed among older adults in our study, despite its cross-sectional design. Second, both HP infection and CAG have been associated with a number of age-related chronic diseases, including but not restricted to gastric cancer, such as CVD and extra-gastric diseases (e.g., Table 2 . Distributions of age accelerations based on Helicobacter pylori (HP) infection and severity of chronic atrophic gastritis (CAG) Age acceleration (Horvath) Age acceleration (Hannum) Categories Bold values indicate that this P-value is less than 0.05 and therefore is statistically significant. colonic and pancreatic cancer; Franceschi et al, 2009; Chen et al, 2016) . Further research should address the association between HP infection and DNA methylation age at various ages across the lifespan, ideally in a large cohort study in which temporal relationship between the occurrence of HP infection and AA could be established by repeated measurements of both factors. Another question of major scientific interest and potential major public health relevance might be to what extent AA associated with CagA þ HP infection could be reversible after HP eradication.
